Simian virus 40 (SV40) is an excellent model system for investigating the cis-and trans-acting factors involved in eukaryotic DNA replication because it uses host enzymes, with the exception of the virus-encoded T-antigen (T-ag), to replicate its genome. Although its origin of replication (ori) is essential for DNA replication, there are transcriptional promoters and enhancers that affect DNA replication efficiency. T-ag binds to sites I to III within and around ori with different affinities and induces structural changes. We were interested in determining if the position of the promoters relative to ori influences the binding of T-ag to these regions. Furthermore, we characterized the DNA structural changes that occur as a result of protein binding when the promoters are absent and also when the promoters are moved from their wild-type position upstream of ori to a position downstream of ori. Using sequence-and conformation-specific chemical probes, our data indicate that (i) the conformation of site I is influenced by T-ag binding and by flanking sequences, (ii) the conformation of the promoters after T-ag binding is dependent on their location, and (iii) unwinding of ori is influenced by the location of the promoters and their presence or absence. These differences in DNA conformation may help explain decreases in relative DNA replication efficiency that occur when the promoters are absent or located downstream of ori.
Simian virus 40 (SV40) is used as a paradigm for delineating the cis-and trans-acting factors involved in eukaryotic DNA replication (for reviews, see references 11 and 19) . SV40 exploits its eukaryotic host by recruiting cellular proteins to replicate its own DNA (77) . T antigen (T-ag) is the only virusencoded protein required for SV40 DNA replication (12, 52, 60, 72) . T-ag binds to a 64-bp bidirectional origin of replication (ori) (13, 18, 25, (74) (75) (76) . ori is divided into three functional domains: an early palindrome (EP), a 27-bp pentanucleotide (PEN) region containing T-ag site II, and a 17-bp AT-rich region (2, 20, 21, 28, 31, 38, 44, 52, 68) . Located adjacent to ori are three 21-bp promoters for transcription that bind T-ag (site III) weakly (33, 67, 74) and also bind the eukaryotic transcription factor Sp1 (24) . In addition to the promoters, there are two 72-bp enhancers for transcription (1, 27, 30, 50) that bind several eukaryotic transcription factors (34, 36, 87) . A diagram of the regulatory region of SV40 is shown in Fig. 1 . Initially T-ag binds as a monomer to each of the four PEN repeats within ori (47) , and subsequently a double hexamer is formed (6, 46, 54, 86) . T-ag then induces structural alterations, including untwisting of the AT-rich region (3-5, 14, 53) , and opens the core region by melting an 8-bp region within the EP (7, 15-17, 33, 53, 56, 84) . T-ag's helicase activity (29, 64, 66, 82) , with the aid of replication protein A, bidirectionally unwinds the DNA (8, 32, 64, 81) . In addition to binding to sites II and III, T-ag binds to site I, which is located immediately to the early-transcription side of ori (51, 58, 73, 75) . The fact that DNA synthesis proceeds at a uniform rate after initiation suggests that initiation is the rate-limiting step. Therefore, those DNA molecules that are the most efficient at binding T-ag should replicate with the highest efficiency.
Our laboratory (41, 42) and others (2, 26, 35) have demonstrated that the organization of the SV40 regulatory region influences DNA replication efficiency. To determine relative DNA replication efficiencies, we transfected COS-1 cells with equimolar amounts of a test plasmid (pC200 or p21ds) and a control plasmid (pOri). After the plasmids were allowed to replicate for 48 h, the plasmid DNA was purified and quantified (42) . pC200, a plasmid containing three 21-bp promoters and a binding site for the transcription factor AP-1 on the late-transcription side of ori and T-ag site I, had a 30-foldhigher DNA replication efficiency than pOri, a plasmid containing ori and T-ag site I. In contrast, replication was barely detectable in p21ds, a plasmid containing three 21-bp promoters and an AP-1-binding site on the early-transcription side of ori and T-ag site I (42) . The rearranged regulatory regions of the plasmids and their relative DNA replication efficiencies are shown in Fig. 1 . Rearranged regulatory regions are not simply products of artificial recombinant techniques. Serial passage of SV40 at high multiplicities of infection leads to the evolution of new viral DNA species, containing deletions and duplications of viral DNA and substitutions with cellular DNA (see reference 9 for a review). These new viral species often have an advantage in terms of DNA replication efficiency. By studying the organization of the regulatory regions of these naturally arising variants (10, 31, 37, 40, 41, 48, 57, 59, 65, 78, 85) and their impact on protein binding and DNA conformation, insights into which cis-acting sequences and trans-acting factors are important in DNA replication can be gained. Although cellular proteins, including Sp1 (70) , also contribute to conformational changes, we have not investigated the roles of specific cellular proteins but have focused instead on T-ag.
When T-ag is limiting, differences in DNA replication efficiencies of rearranged regulatory regions are exaggerated (41) .
One hypothesis to explain this is that some regulatory regions bind T-ag more efficiently than others. Using gel mobility shift assays, we found that T-ag and/or the proteins from BSC-1 cell extracts were able to bind to the rearranged regulatory regions examined. However, using DNase I footprinting, we found that T-ag protects the sequences flanking ori with different affinities, and we observed no specific protection from DNase I in the rearranged regulatory regions when using only the proteins from BSC-1 cell extracts.
We also characterized protein-induced conformations by using chemical probes (adozelesin, bizelesin, and hedamycin) to determine whether any DNA structural changes could be correlated with DNA replication efficiency. Adozelesin targets specific bent DNA sequences, bizelesin targets specific sequences that are in a straight conformation, and hedamycin recognizes unwound DNA sequences (Fig. 1 ). Han and Hurley (33) presented a model of T-ag-induced conformational changes in the regulatory region of wild-type SV40 that used similar sequence-and conformation-specific probes. Their data suggest that T-ag-induced bending within the 21-bp promoters causes the naturally bent AT-rich region of ori to straighten and the EP to unwind. Our work extends their findings by characterizing conformations induced in rearranged SV40 regulatory regions. We also characterized conformations induced by T-ag and the proteins from BSC-1 cell extracts, a condition that more closely resembles the internal milieu of an SV40-infected cell. We found that protein-induced conformations of the regulatory regions of pC200, pOri, and p21ds are dependent on the organization of these regulatory regions. Also, the location of the 21-bp promoters affects the binding of T-ag to site III.
MATERIALS AND METHODS
DNA fragments. Restriction endonucleases and polynucleotide kinase were used according to the manufacturer's suggestions (New England Biolabs). The regulatory region of pC200 was isolated from pC342 (42) by digestion with HindIII and SphI and then 5Ј-end labeled at the HindIII site. The regulatory regions of pOri and p21ds were isolated from pOri and p21ds (42) , respectively, by digestion with EcoRI and BanI and were 5Ј-end labeled at the EcoRI site. The DNA fragments were dephosphorylated with calf intestinal alkaline phosphatase (Boehringer Mannheim) prior to 5Ј-end labeling with [␥-32 P]ATP (ICN) and eluted from acrylamide gels. Figure 1 provides an illustration of the organization of the regulatory regions.
Cell extracts. BSC-1 cells, a continuous and permissive African green monkey kidney cell line, were seeded in Nunclon culture dishes (10 cm diameter; Nunc) and grown to 90% confluency. The cells were washed two times with 3 ml (per dish) of cold Tris-salts buffer (20 mM Tris-HCl [pH 7.4], 137 mM NaCl, 5 mM KCl, 1 mM CaCl 2 ), and 2 ml of cold hypotonic buffer (5 mM potassium acetate, 0.5 mM MgCl 2 , 0.5 mM dithiothreitol, 20 mM HEPES [pH 7.8]) was added to each dish prior to incubation at 25°C for 5 min. The cells were collected and lysed with a Dounce homogenizer. The lysate was incubated on ice for 1 h. Cell debris and chromosomal DNA were removed by centrifugation at 10,000 ϫ g and 4°C in a JA-20 rotor in a J-21C centrifuge (Beckman Instruments) for 10 min. The supernatant, containing the cellular proteins, was stored at Ϫ70°C.
T-ag. T-ag was purified by the procedure of Simanis and Lane (61) after expression in Sf9 insect cells infected with a recombinant baculovirus containing the T-ag gene. The Sf9 cells, baculovirus, and pAB419 cells that supply T-ag antibody were gifts from Bruce Stillman, Cold Spring Harbor Laboratory.
Gel mobility shift assay. Approximately 0.2 ng of the ␥-32 P-labeled regulatoryregion DNA of pC200, pOri, or p21ds was incubated with 1 g of T-ag and/or 6 g of proteins from BSC-1 cell extract at 25°C for 40 min in binding buffer ( Chemical probes. Adozelesin and bizelesin were gifts from the Pharmacia and Upjohn Company (Kalamazoo, Mich.), and hedamycin was a gift from the National Cancer Institute (Bethesda, Md.). The probes were dissolved in dimethylformamide (adozelesin, 2 M; bizelesin, 0. 
RESULTS
DNA-protein binding. Gel mobility shift assays were done to determine whether the organization of the SV40 regulatory region influences protein binding. ␥-32 P-labeled regulatoryregion DNA of pC200, pOri, or p21ds was incubated with T-ag and/or the proteins from BSC-1 cell extract, and DNA-protein complexes were separated by gel electrophoresis. Mobility shifts were seen with all of the rearranged regulatory regions examined after incubation with purified T-ag and/or the proteins from BSC-1 cell extract, indicating that these proteins were able to interact with each of the regulatory regions, regardless of their organization (Fig. 2) .
DNase I footprinting was used to identify the site at which T-ag or the proteins from BSC-1 cell extract bind to the regulatory regions of pC200, pOri, and p21ds. When each of the ␥-32 P-labeled regulatory-region DNAs was incubated with 0.5 g of T-ag, site I was protected from DNase I digestion ( Fig.  3A and B, lanes 1 and 2, and data not shown). As more T-ag was added, protection of ori was detected (Fig. 3 , lanes 3 and FIG. 1 . Organization of SV40 regulatory regions; relative DNA replication efficiencies of pC200, pOri, and p21ds; and target sites for adozelesin, bizelesin, and hedamycin. Shown are schematic representations of the regulatory regions of pC200, pOri, and p21ds and the relative DNA replication efficiencies (RRE) of these plasmids as determined in cotransfection assays (42) . ori (represented by the arrows) consists of three functional domains as indicated: the EP, the PEN, and the AT-rich region (AT). Each 21-bp promoter is represented by a box containing two circles, and the binding site for the transcription factor AP-1 is indicated by a solid black rectangle. T-ag binds to the wild-type regulatory region at three sites: site I (represented by the black rectangle labeled I) is located on the early-transcription side of ori; site II is located within the PEN; and several weaker sites (labeled III, IV, and V), collectively called site III, are located within the 21-bp promoters. Restriction endonuclease sites are indicated as follows: BanI (B), EcoRI (E), HindIII (H), and SphI (S). The target sequences for adozelesin are indicated with solid circles. The target sequences for bizelesin are indicated with asterisks. 4). Therefore, regardless of the organization of the regulatory region, T-ag binds sites I and II. In pC200, the 21-bp promoters were partially protected after incubation with 2 g of T-ag (Fig. 3C , lane 4). These results with pC200 are consistent with previous findings (54, 74) . In contrast, slight protection of the 21-bp promoters in p21ds was seen only after addition of 3 g of T-ag ( example, in pOri, upon addition of 2 g of T-ag, protection was seen across the entire fragment (Fig. 3A, lane 4) . However, in pC200, when the region immediately 3Ј to ori was occupied by the 21-bp promoters, full protection was not seen (Fig. 3C) . In p21ds, the region immediately 3Ј to ori was slightly protected only after addition of 3 g of T-ag. Essentially the entire regulatory regions of pOri and pC200, but not that of p21ds (especially within the 21-bp promoters), were at least partially protected from DNase I digestion when incubated with 2 g of T-ag (Fig. 3, lanes 4) . We saw no protection when the regulatory-region DNAs were individually incubated with 6 g of proteins from BSC-1 cell extract (data not shown).
Characterization of conformational changes by using three chemical probes. Adozelesin recognizes the sequences 5Ј-(A/T)(A/T)A*-3Ј and 5Ј-(A/T)(G/C)(A/T)A*-3Ј (39, 79) and alkylates the adenine followed by the asterisk if the target sequence is in a bent conformation (55) . These target sequences are in the AT-rich region of ori, site I, and the 21-bp promoters. Bizelesin cross-links the adenines (indicated by the asterisks) of the target sequences 5Ј-TAATTA*-3Ј/3Ј-A*TTA AT-5Ј and 5Ј-TAAAAA*-3Ј/3Ј-A*TTTTT-5Ј (22, 69) , which are located within the AT-rich region. Such cross-linking occurs if the target sequence is in a straight conformation (49) . Finally, hedamycin alkylates the guanines in unwound DNA at the N7 position (69) . Target sequences are shown in Fig. 1 . All experiments using chemical probes were done a minimum of three times for each probe and for each construct. Bands were quantified by densitometry, and representative gels are shown in Fig. 4 to 6. (i) pC200. We characterized the conformation of the regulatory region of pC200 after incubation with T-ag and/or proteins from BSC-1 cell extract, using sequence-and conformation-specific chemical probes. No alkylations were detected in the ␥-32 P-labeled regulatory-region DNA of pC200 when adozelesin was absent (data not shown). Prior to incubation with proteins, alkylation of the AT-rich region was detected, indicating that this region was bent (Fig. 4A, lanes 1 to 4) . Incubation with T-ag and/or proteins from BSC-1 cell extract caused no significant difference in the amount of alkylation of the AT-rich region (Fig. 4A, lanes 5 to 16) . Site I was also alkylated prior to incubation with proteins; however, the addition of T-ag prevented alkylation of site I (lanes 5 to 8 and 13 to 16). Incubation with the proteins from BSC-1 cell extract was not sufficient to cause a significant decrease in the alkylation of site I, as determined by quantification of the band intensities (lanes 9 to 12). T-ag also played a role in the conformation of the 21-bp promoters. The 21-bp promoters were alkylated in the presence (lanes 5 to 16) or absence (lanes 1 to 4) of proteins. Upon incubation with T-ag, either alone or in combination with the proteins from BSC-1 cell extract, there was an increase in alkylation of the 21-bp promoters (lanes 5 to 8 and 13 to 16). This is consistent with previous data (33) . Although there was an increase in the alkylation within the 21-bp promoters when both T-ag and the proteins from BSC-1 cell extract were added, the effect on alkylation was not as dramatic as that occurring when T-ag alone was added. This suggests that when T-ag binds the 21-bp promoters it holds or stabilizes the naturally bent 21-bp promoters in a bent conformation, while the proteins from BSC-1 cell extract have a slightly inhibitory effect.
We also probed the regulatory region of pC200 with bizelesin, which alkylates the AT-rich region if it is in a straight conformation. No alkylations were detected in the ␥-32 P-labeled regulatory region when bizelesin was omitted from the reaction mixture (data not shown). In the absence of proteins, the AT-rich region was alkylated by bizelesin (Fig. 4B, lanes 1  to 4) and adozelesin (Fig. 4A) , suggesting that the AT-rich region is flexible. Incubation with T-ag resulted in a slight decrease in alkylation (Fig. 4B, lanes 5 to 8) , and the proteins from BSC-1 cell extract caused an even further decrease in alkylation of the AT-rich region (lanes 9 to 12); however, we have no direct evidence for the involvement of specific proteins from BSC-1 cell extract. Finally, when T-ag and the proteins from BSC-1 cell extract were added (lanes 13 to 16), the results were comparable to those obtained with T-ag alone after 30 min (lanes 5 to 8).
Hedamycin, which alkylates guanines at the N7 position, where DNA is unwound, was used to probe the ␥-32 P-labeled regulatory-region DNA of pC200. No alkylations were detected when hedamycin was omitted from the reaction mixture (data not shown). Prior to incubation with proteins, guanines throughout the regulatory region were alkylated by hedamycin, indicating that the DNA was unwound (Fig. 4C, lanes 1 to 4) . T-ag had no significant effect on the amount of alkylation within the 21-bp promoters. Although unwinding of the ATrich region could not be monitored due to a lack of guanines, the regions immediately adjacent to the AT-rich region were alkylated (lanes 1 to 4) . In the absence of proteins, alkylation of the PEN was detected; however, addition of T-ag prevented alkylation within the PEN (lanes 5 to 8). In comparison to when no T-ag was present, there was an increase in alkylation of the EP (lane 6 to 8). In the presence of the proteins from BSC-1 cell extract (lanes 9 to 12), guanines in the 21-bp promoters, PEN, and areas immediately adjacent to the AT-rich region were alkylated by hedamycin, and alkylation of the EP was detected. When the ␥-32 P-labeled regulatory-region DNA was incubated with T-ag and the proteins from BSC-1 cell extract, the 21-bp promoters were unwound similarly to when only T-ag or proteins from BSC-1 cell extract were present (lanes 13 to 16). Compared to when no proteins were added, there was decreased alkylation of guanines in the PEN and regions flanking the AT-rich region, while there was an in- crease in alkylation in the EP. These data suggest that T-ag plays a positive role in unwinding of the EP region while it plays a negative role in unwinding of the PEN.
(ii) pOri. Representative gels of strand breakage assays of the ␥-32 P-labeled regulatory-region DNA of pOri are shown in Fig. 5 . The AT-rich region was alkylated by adozelesin prior to incubation with proteins, and no significant difference was seen after incubation with T-ag and/or the proteins from BSC-1 cell extract (Fig. 5A, lanes 1 to 16) . In the absence of proteins (lanes 1 to 4) or in the presence of proteins from BSC-1 cell extract (lanes 9 to 12), site I was alkylated, indicating that it was in a bent confirmation. Incubation with T-ag, either alone or with the proteins from BSC-1 cell extract, resulted in a decrease in alkylation of site I (lanes 5 to 8 and 13 to 16). After incubation with adozelesin for 30 min (lane 8) or 60 min (data not shown), alkylation of site I was barely detectable. Although there was a slight decrease in alkylation of site I with the addition of the proteins from BSC-1 cell extract (lanes 9 to 12), T-ag appears to be the major contributor to the conformation of site I. As with pC200 (Fig. 4A) , there was a significant decrease in alkylation of site I in the presence of T-ag (lanes 5 to 8 and 13 to 16).
The ␥-32 P-labeled regulatory region of pOri was also probed with bizelesin. In the absence of proteins the AT-rich region was alkylated, indicating that it was in a straight conformation (Fig. 5B, lanes 1 to 4) . After incubation with T-ag, there was a decrease in alkylation of the AT-rich region (lanes 5 to 8); however, significantly less reactivity with the AT-rich region was detected when the proteins from BSC-1 cell extract were present (lane 9 to 12). When incubated with the proteins from BSC-1 cell extract, either alone or in combination with T-ag, essentially no alkylation of the AT-rich region was detected until the 30-min time point (lanes 9 to 16). Unlike that of pC200, the AT-rich region of pOri was less able to straighten in the presence of both T-ag and proteins from BSC-1 cell extract than it was when only T-ag was present.
Hedamycin was used to probe for unwound regions in the ␥-32 P-labeled regulatory region of pOri. Prior to incubation with proteins, guanines throughout the fragment were accessible to hedamycin (Fig. 5C, lanes 1 to 4) . When T-ag was added, the PEN, site I, and regions immediately adjacent to the AT-rich region were accessible to hedamycin (lanes 5 to 8). The EP was the only region to exhibit an increased reactivity with hedamycin when T-ag was present. Incubation with the proteins from BSC-1 cell extract resulted in a decrease in alkylation of all regions (lanes 9 to 12). Furthermore, the increased unwinding of the EP seen in pC200 in the presence of T-ag was not seen in pOri when the proteins of BSC-1 cell extract were also present (lanes 13 to 16).
(iii) p21ds. Upon probing of the ␥-32 P-labeled regulatory region of p21ds with adozelesin, no significant differences in alkylation of the AT-rich region before and after incubation with proteins were detected (Fig. 6A, lanes 1 to 16) . Also, prior to incubation with proteins (lanes 1 to 4) and after incubation with the proteins from BSC-1 cell extract (lanes 9 to 12), site I was alkylated by adozelesin, indicating that it was in a bent conformation. In contrast to the regulatory regions of pC200 and pOri, site I of p21ds was alkylated after incubation with T-ag (lanes 5 to 8). The 21-bp promoters of p21ds were alkylated ( lanes 1 to 4) ; however, unlike for pC200, there was no significant increase in modification after incubation with T-ag (lanes 5 to 8). Proteins from BSC-1 cell extract had no significant effect on the reactivity with the 21-bp promoters, either alone (Fig. 6A, lanes 9 to 12) or in combination with T-ag (lanes 13 to 16).
The AT-rich region was detected in a straight conformation prior to incubation with proteins (Fig. 6B, lanes 1 to 4) . Fewer molecules of the ␥-32 P-labeled regulatory-region DNA of p21ds were detected in a straight conformation when T-ag was present (lanes 5 to 8) than when no proteins were present. Incubation with the proteins from BSC-1 cell extract, either alone (lanes 9 to 12) or in combination with T-ag (lanes 13 to 16), resulted in a decrease in alkylation of the AT-rich region compared to that occurring when neither the BSC-1 cell extract proteins nor T-ag was present.
When the ␥-32 P-labeled regulatory region of p21ds was probed with hedamycin, unwound regions were detected throughout the PEN, the EP, the region flanking the AT-rich region, and the 21-bp promoters prior to incubation with proteins (Fig. 6C, lanes 1 to 4) . As with pC200, there was an increase in alkylation of the EP of p21ds after incubation with T-ag as well as a decrease in alkylation of the PEN and the 21-bp promoters (lanes 5 to 8). After incubation with the proteins from BSC-1 cell extract (lanes 9 to 12), the PEN, the EP, and the 21-bp promoters were unwound similarly to when no proteins were present. After incubation with T-ag and the proteins from BSC-1 cell extract (lane 13 to 16), the reactivity with the EP increased compared to that occurring when only the proteins from BSC-1 cell extract were present. The decrease in reactivity that was detected with the PEN and the 21-bp promoters suggests that T-ag has an inhibitory effect on unwinding of the regulatory region of p21ds (lanes 5 to 8).
DISCUSSION
The goal of this work was to characterize protein-induced conformations in rearranged SV40 regulatory regions. By using gel mobility shift assays, DNase I footprinting, and sequenceand conformation-specific chemical probes, we have provided insights into the importance of the organization of the regulatory region for DNA conformation and have discussed possible implications of this region's organization with regard to DNA replication efficiency.
The location of the 21-bp promoters affects binding of T-ag to site III. Using gel mobility shift assays, we found no gross differences in the ability of T-ag and/or proteins from BSC-1 cell extract to bind the regulatory regions of pC200, pOri, and p21ds. We used DNase I footprinting to identify specific interactions between the rearranged regulatory regions and T-ag or the proteins from BSC-1 cell extract. We observed no protection when the regulatory regions were incubated with the proteins from BSC-1 cell extract. In addition, T-ag binding to the 21-bp promoters (site III) was dependent on their location. In pC200, 2 g of T-ag partially protected the 21-bp promoters from DNase I (Fig. 3C) . In p21ds, the 21-bp promoters were not significantly protected even by 4 g of T-ag (Fig. 3B) . The data suggest that the ability of site III to bind T-ag is position dependent, since more T-ag is required to protect the 21-bp promoters in p21ds than is needed to protect those in pC200. Also, in p21ds, T-ag binding to site I could induce a conformation that hinders T-ag binding to the 21-bp promoters. One disadvantage to DNase I footprinting is that AT tracts, such as the AT-rich region of ori, are generally not sensitive to DNase I digestion, even in the absence of protein binding (Fig. 3) . Therefore, we were not able to determine whether binding of T-ag to the PEN also protected the AT-rich region. It was interesting that T-ag protected the region 3Ј to ori and 5Ј to site I in pOri. Perhaps the bent nature of the 21-bp promoters is slightly inhibitory to T-ag binding.
Flanking sequences influence the conformation of site I. Alkylation of site I by adozelesin is dependent on the organization of the regulatory region. Prior to T-ag binding, site I in each of the regulatory regions was bent (Fig. 4A, 5A , and 6A). Alkylation of site I in pC200 and pOri was barely detectable when T-ag was present. This could be explained in either of two ways: (i) T-ag binding to site I could sterically hinder alkylation by adozelesin, or (ii) T-ag binding to site I could cause a conformational change eliminating it as a target for adozelesin. Our results support the latter theory. If the reduced alkylation in site I of pC200 and pOri were caused by steric hindrance, there should be an equivalent reduction in alkylation in site I of p21ds. However, alkylation of site I in p21ds was detected after T-ag binding. In addition, we showed that T-ag binds site I in all of the regulatory regions examined (Fig. 3) . Therefore, we conclude that the reduced alkylation in site I of pC200 and pOri is most probably due to a change in DNA conformation. The data also suggest that in order for site I to straighten, only one of the flanking regions can be bent, as in pC200 (Fig. 7A) and pOri (Fig. 7B) . In p21ds, site I is flanked by both a bent AT-rich region and the bent 21-bp promoters (Fig. 7C) .
The T-ag-induced conformation of the 21-bp promoters is dependent on the organization of the regulatory region. In pC200, T-ag binding results in increased alkylation of the 21-bp promoters by adozelesin, which is consistent with previous data (33) . Therefore, T-ag may stabilize the 21-bp promoters in a bent conformation. T-ag does not increase the bending of this region in p21ds, and 2 g of T-ag was not enough to protect the 21-bp promoters of p21ds from DNase I digestion (Fig. 3B) . If p21ds and pC200 were in the same cell, p21ds might not recruit T-ag as efficiently as does pC200. There is competition for other cellular proteins in addition to T-ag, such as polymerase ␣-primase, which also interacts with T-ag (23, 80) , and topoisomerase I (23, 62, 63) . As a consequence of p21ds not effectively recruiting T-ag, it may not effectively recruit other replication proteins. In support of this idea, it has been shown that the differences in DNA replication efficiencies are exaggerated when there is competition for T-ag (41) . An alternative, but not necessarily mutually exclusive, explanation for the barely detectable replication efficiency of p21ds involves steric effects. Regardless of whether T-ag bound to the 21-bp promoters, the EP would be trapped between a double hexamer of T-ag at the PEN, a trimer of T-ag at site I, and a bent 21-bp promoter region (Fig. 7C) . This is consistent with the data which suggest that the conformation of the bent 21-bp promoters in p21ds does not significantly change when T-ag is present. This "trap-ping" of the replication bubble could have a negative effect on initial movement of the replication fork.
Unwinding of a regulatory region is influenced by its organization. Previous studies have shown that the EP of ori opens first to initiate SV40 DNA replication (7, 15-17, 33, 53, 56, 84) . The DNA replication efficiency of plasmids containing ori and site I but lacking 21-bp repeats is lower than that of plasmids containing the 21-bp promoters and an AP-1 binding site on the late-transcription side of ori and site I (42). We hypothesized that the unwinding efficiency of pOri could contribute to its decreased replication efficiency. The amounts of EP unwinding in the three regulatory regions differed. In pC200, T-ag enhanced the unwinding of EP. The ease of opening an already-unwound region (compare lanes 1 to 4 of Fig. 4C with the corresponding lanes of Fig. 5C ) could contribute to a replication efficiency that is 30-fold higher than that of pOri. Little unwinding was detected in the regulatory region of pOri compared to that of pC200, suggesting that the 21-bp promoters aid in unwinding of the fragment, as shown by Gutierrez et al. (32) . The unwinding of the EP in p21ds is more difficult to explain (Fig. 6C) . The barely detectable replication efficiency of p21ds (42) cannot be explained entirely by an inability of the regulatory region to unwind, since the EP is unwound under all protein conditions tested. This suggests that DNA replication efficiency is not solely dependent on the ability of the DNA fragment to unwind. Conformations of the regions flanking the unwound regions as well as proteins bound to the flanking regions could contribute to DNA replication efficiency. Although the regulatory region of p21ds is able to unwind at the EP, the regions flanking the EP (i.e., the 21-bp promoters) bind T-ag and could inhibit initiation of DNA replication. This is supported by the studies by Smelkova and Borowiec (64) . Using purified T-ag to investigate the interaction of T-ag with DNA during unwinding, they demonstrated that the binding of T-ag is strongly dependent on the length of the single-stranded DNA of the replication bubble, suggesting that a topological change occurs in the T-ag-DNA complex to allow T-ag helicase activity.
Models for conformational changes in pC200, pOri, and p21ds. We propose models for the conformational changes occurring in each of the regulatory regions. For simplicity, we have included only the contribution of T-ag. Our model for pC200 (Fig. 7A) is similar to the model presented by Han and Hurley (33) . In the first conformational change, site I goes from a bent to a straight conformation upon T-ag binding. Next, T-ag binds to the PEN. Although we could not detect a conformational change in the AT-rich region with adozelesin after T-ag binding, others have shown that the AT-rich region becomes hypersensitive to chemical modification (3) and that the sequence of the AT-rich region is important (2, 20, 21, 28, 31, 38, 44, 52, 68) . We do have evidence, obtained by using bizelesin, that a straight AT-rich region is detected in the presence of T-ag; however, there are fewer molecules detected in a straight conformation in the presence of the proteins from BSC-1 cell extract than there are in the presence of T-ag. Possibly the bent conformation of the flexible AT region is stabilized by cell extracts. Finally, the 21-bp promoters are slightly more bent after T-ag binding, and the EP unwinds. Han and Hurley (33) showed that site I was modified by adozelesin when T-ag was absent and was not modified in the presence of T-ag; however, site I straightening was not incorporated into their model.
The model for pOri is similar to the model for pC200 (Fig.  7B) . Again, site I is bent and straightens upon T-ag addition. There seems to be no dominant conformation in the AT-rich region when probing is performed with adozelesin or bizelesin, suggesting that the conformation of this region may be greatly influenced by the 21-bp promoters. Finally, the EP unwinds as a result of T-ag binding.
We also propose a model for the conformational changes occurring in p21ds (Fig. 7C) . As with pC200 and pOri, T-ag binds to site I. However, in p21ds, site I does not straighten. Again, there is no dominant conformation in the AT-rich region, suggesting that it is flexible. Even though the 21-bp promoters are present in this regulatory region, they are not in a FIG. 7 . Proposed conformations of pC200, pOri, and p21ds. (A) Model for pC200. Site I, the AT-rich region (AT) of ori, and the 21-bp promoters are in a naturally bent conformation, and the EP is naturally unwound. Because the AT-rich region was alkylated by both adozelesin and bizelesin in the absence of T-ag, both conformations are shown. Upon T-ag binding, site I and the AT-rich region straighten but the 21-bp promoters remain bent. More regulatory regions are detected with an unwound EP (indicated by the larger bubble at the EP) after T-ag binding. (B) Model for pOri. Site I and the AT-rich region of ori are in a naturally bent conformation, and the EP is naturally unwound. Because the AT-rich region was alkylated by both adozelesin and bizelesin in the absence of T-ag, both conformations are shown. Upon T-ag binding, the AT-rich region reacts with both adozelesin and bizelesin, suggesting that it is a flexible region. More regulatory regions are detected with an unwound EP (indicated by the larger bubble at the EP) after T-ag binding. (C) Model for p21ds. Site I, the AT-rich region of ori, and the 21-bp promoters are in a naturally bent conformation, and the EP is naturally unwound. Because the AT-rich region was alkylated by both adozelesin and bizelesin in the absence of T-ag, both conformations are shown. Upon T-ag binding, site I and the 21-bp promoters remain in a bent conformation and the AT-rich region reacts with both adozelesin and bizelesin, suggesting that it is a flexible region. More regulatory regions are detected with an unwound EP (indicated by the larger bubble at the EP) after T-ag binding.
location that would allow them to impact the conformation of the AT-rich region. T-ag has no significant effect on the already-bent 21-bp promoters. The ability of the EP to unwind does not seem to promote DNA replication efficiency in p21ds; replication is barely detectable relative to that of pOri. Smelkova and Boroweic (64) have suggested that even though the EP unwinds in wild-type SV40, this may be insufficient to allow the hexamers of T-ag to facilitate DNA replication.
SV40 has served as a model to identify the molecular events leading to the initiation of DNA replication in eukaryotes (11, 19, 43, 67, 83) . Because DNA replication in any organism is highly regulated and complex, understanding the mechanisms controlling initiation is essential. Protein-induced conformational changes in SV40 regulatory regions have been studied extensively (3-8, 14-17, 28, 29, 32, 33, 53, 54, 56, 63, 64, 70, 71, 81, 82, 84) . T-ag is both an initiator protein and a helicase, and it induces conformational changes within ori and flanking regions (7, 15-17, 29, 53, 64, 82) . Upon T-ag binding to ori, the EP and the AT-rich region of ori become hypersensitive to chemical modification (7), and an 8-bp sequence in the distal arm of the EP denatures (5, 7, 53, 54) . AT-rich tracts are a common feature in a wide variety of replication origins in prokaryotes, eukaryotes, and viruses; however, in SV40, it is the EP that is initially melted, not the AT-rich region (56, 84) . Single-base substitutions within the AT-rich region, which result in modified bending, have deleterious effects on SV40 DNA replication (16) . However, the exact mechanism by which T-ag deforms the AT-rich region is unclear (6, 45) . Proteininduced conformational changes are not limited to T-ag binding; replication protein A facilitates DNA unwinding (8), Sp1 induces DNA bending within the 21-bp promoters (70) , and other proteins may have similar roles. DNA distortion is also important for recruiting the replication machinery, such as DNA polymerase ␣, which is provided by the host cell and binds T-ag (80) .
This study provided evidence that the organization of the regulatory region influences T-ag binding and DNA conformation. These data are in agreement with the studies by Han and Hurley (33) and provide additional information about the consequences of the presence of the 21-bp promoters and their location within those regulatory regions that promote differences in DNA replication efficiency. Our data indicate that the layout of protein binding sites within the SV40 regulatory region has an impact on the conformational changes that occur when proteins bind this region. These probes will continue to be powerful reagents in characterizing DNA structural changes that occur as a result of protein binding. In addition, we are currently mapping, at the nucleotide level, the site(s) of initiation of DNA replication to determine if it is influenced by the organization of the regulatory region (34a).
